In this paper, we design and analyze an outer-rotor-type multipolar switched reluctance (SR) motor, and examine the possibility of realizing an electric vehicle (EV) with an SR motor inside each of its two rear wheels, that is, an EV with a gear-less and in-wheel layout. We used a method for calculating the operating characteristics proposed previously by authors for designing the SR motor, and evaluated the optimum exciting phase. Furthermore, we improved the proposed method so that the basic characteristics of the EV with SR motors can be calculated, and we investigated the initial and steady-state currents and the maximum speed of the vehicle.
Introduction
A motor which utilizes the torque produced by changing the magnetic resistance is called a reluctance motor. Its rotor has neither windings nor permanent magnets. In comparison with an induction motor or a synchronous motor, it has various merits such as a simple and robust structure, high reliability, and capability for high-speed rotation.
Reluctance motors can be roughly classified into synchronous reluctance (SyR) motors and switched reluctance (SR) motors. In addition to the merits mentioned above, SR motors can be made compact, because concentrated windings are coiled around their stator poles. It is expected therefore that the applications of SR motors will increase in the future1.
Due to a large torque ripple and acoustic noise, the SR motor has had only limited applications. As a result of advances in power electronics technology, however, high-grade control for reducing the ripple and noise has been proposed2) ' 3) . A sensorless drive technique is also being investigated4). The SR motor is now being put to practical use in devices such as washing machines and vacuum cleaners.
The most commonly used SR motors are the 6/4-pole and 8/6-pole types, which are suitable for high-speed, low-torque applications. In applying these to an electric vehicle (EV), it is necessary to obtain proper driving force by using a reduction gear, which causes mechanical loss and acoustic noise.
The multipolar SR motor is capable of low-speed, high-torque operation, and if an outer-rotor structure is employed, an EV with a gear-less and in-wheel layout can be realized.
In this paper, we describe the design of an outer-rotor-type multipolar SR motor for used in an EV, and calculate the operating characteristics of the motor by using a coupled analysis method5) ' 6) . Furthermore, by extending the proposed method, we simulate the drive of an EV equipped with SR motors.
2. Design of an outer-rotor-type multipolar SR motor Figure 1 shows a photograph of an EV named "ENAX S3," which is a commercial car that was originally equipped with two dc motors7). It obtains driving force through a reduction gear, and drives the rear wheels. In this paper, we present a gear-less and in-wheel layout for this EV, using SR motors. is k, the rotational speed is ns, the number of rotor poles is Pr, the working magnetic flux density is B,n, and the cross-section of a stator pole is Ssp. The number of winding turns N = 40 is obtained from equation (1) when the working voltage of the battery is 42 V, the working flux density is 1.2 T, and the rotational speed is 640 rpm, which is equivalent to about 50 km/h.
If the number of winding turns is known, the diameter of winding cl, can be obtained as follows: (2) where the cross-section of a winding domain is Q and the space factor of winding is ƒÂsf.
In Fig. 4 
Equation (3) suggests that the motor torque does not depend on the direction of the winding current. When the current flows through the winding while the rotor angle is in a position where the inductance is increasing, an effective torque is obtained. Figure 5 shows a flow diagram of the proposed analysis method6). This method uses the relationship between the linkage flux and magnetomotive force (MMF), which is calculated by finite element analysis (FEA), in order to construct a nonlinear magnetic circuit model of an SR motor. The motor model is combined with its drive circuit and the motion calculation circuits on SPICE, which is a general-purpose circuit simulator. By using the coupled model, exciting voltages, phase currents, and torque are obtained readily and accurately. Figure 6 shows the flux-MMF curves of the 16/20-pole SR motor calculated by FEA. These curves can be approximated by (4) 
Let the magnetic energy be WFM, which is expressed by the following equation:
The motor torque r is given by the magnetic energy:
From equations (4), (7), and (8), the torque is obtained as follows:
(9) Figure  7 shows 
Drive simulation of the EV with SR motors
The driving resistance force FL is expressed as the sum of the rolling resistance of the tires, the air resistance, and the grade resistance, as follows8):
where the rolling resistance coefficient is p, the total weight of the EV is m, and the gravitation acceleration is g.
The air density is ƒÏ, the air resistance coefficient is Cd, the front projection area is A, and the speed of the car is vev .
The inclination of the road is a.
If it is assumed that the EV has two 16/20-pole SR motors inside its rear wheels, the load torque ƒÑL is given by (12) where the wheel radius is rw. The parameters described above are defined in Table  1 . 
Conclusion
We designed an outer-rotor-type 16/20-pole SR motor, and calculated the operating characteristics by using the proposed analysis method. Furthermore, expanding the proposed method, we developed a drive simulator for an EV with SR motors. Simulation indicated the possibility of realizing an EV with gear-less and in-wheel layout. 
